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ABS TRACT 

An o p t i m i z a t i o n  procedure  f o r  h y b r i d  m i s s i o n s  i s  i i  

p r e s e n t e d  w i t h  some r e p r e s e n t a t i v e  r e s u l t s .  The h y b r i d  pro-  
f i l e  d i f f e r s  from t h e  nominal f ree  r e t u r n  p r o f i l e  d u r i n g  
t r a n s l u n a r  f l i g h t ,  w i t h  t r a n s l u n a r  i n j e c t i o n  ( T L I )  t a r g e t e d  
t o  a h i g h  p e r i s e l e n e  f ree  r e t u r n  fo l lowed  by a t r a n s f e r  t o  
non-f ree  r e t u r n  f i v e  t o  t e n  hours  p a s t  T L I .  A l l  non- f ree  
r e t u r n  t r a j e c t o r i e s  cons ide red  a re  c o n s t r a i n e d  such  t h a t  t h e  
Lunar module DPS eng ine  can a b o r t  t h e  m i s s i o n  t o  safe  e a r t h  
r e t u r n  a s h o r t  t i m e  a f t e r  p e r i l u n e  i n  t h e  e v e n t  of  S e r v i c e  
Module SPS eng ine  f a i l u r e .  O p t i m i z a t i o n  of h y b r i d  t r a j e c t o r i e s  
r e q u i r e s  c o n s i d e r a t i o n  o f  new independen t  parameters i n  addi-  
t i o n  t o  t h o s e  a s s o c i a t e d  w i t h  t h e  f ree  r e t u r n  m i s s i o n .  The 
f ami ly  of  f r e e  r e t u r n  t r a j e c t o r i e s  d e f i n e d  by p e r i l u n e  d i s -  
t a n c e  and o r b i t  i n c l i n a t i o n  must be s e a r c h e d ,  and t h e  bes t  
non f r e e  t r a j e c t o r y  t o  couple  w i t h  each  member o f  t h e  f a m i l y  
must b e  found.  Each o f  t h e  added o p t i m i z a t i o n  p a r a m e t e r s  
and c o n s t r a i n t s  i s  examined for i t s  r e l a t i v e  e f f e c t  on m i s s i o n  
p r o p e l l a n t  economy. 
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MEMORANDUM FOR F I L E  

1. I n t r o d u c t i o n  

Hybrid mis s ions  have been proposed  f o r  l a t e r  Apollo 
m i s s i o n s  as a compromise between the  s a f e t y  o f  a f r ee  r e t u r n  
m i s s i o n  and t h e  p r o p e l l a n t  economy o f  the non-f ree  r e t u r n  t r a -  
j e c t o r y .  These p r o p e l l a n t  economies can be  used  to l a n d  a t  
l u n a r  s i t e s  o u t  of  t h e  Apollo r e g i o n ,  t o  o b t a i n  i n c r e a s e d  pay- 
l o a d  or t o  p r o v i d e  a d a y l i g h t  l a u n c h  f o r  t h e  p r e s e n t  Apollo 
s i t e s .  

The h y b r i d  mis s ion  d i f f e r s  from t h e  nominal  Apollo 
m i s s i o n  on ly  i n  t r a n s l u n a r  f l i g h t .  The s p a c e c r a f t  would b e  
i n j e c t e d  from ea r th  o r b i t  i n t o  a h igh  p e r i s e l e n e  ( 5 0 0  t o  
5,OO n a u t i c a l  m i l e s )  f r e e  r e t u r n  c i r c u m l u n a r  t r a j e c t o r y  
fo l lowed  sometime l a t e r  by a t r a n s f e r  u s i n g  t h e  SPS eng ine  
i n t o  a non-free r e t u r n  t r a j e c t o r y  w i t h  an optimum p e r i s e l e n e  
a l t i t u d e  f o r  t h e  chosen l u n a r  p a r k i n g  o r b i t .  The  r e s u l t i n g  
non-f ree  r e t u r n  t r a j e c t o r y  i s  c o n s t r a i n e d  by a r equ i r emen t  of 
a b o r t  c a p a b i l i t y  by the  LM DPS o n t o  an  e a r t h  r e t u r n  t r a j e c t o r y  
a s h o r t  t i m e  ( u s u a l l y  2 hour s )  a f t e r  nominal  l u n a r  o r b i t  i n -  
s e r t i o n ( L O 1 ) .  The obvious  s a f e t y  advantage  o v e r  i n j e c t i o n  
i n t o  a non-f ree  r e t u r n  t r a j e c t o r y  i s  t h a t ,  upon i n i t i a l  SPS 
eng ine  f a i l u r e ,  t h e  s p a c e c r a f t  would c o n t i n u e  i t s  f r e e  r e t u r n  
c o u r s e  around t h e  moon and r e t u r n  t o  e a r t h .  The p r o p e l l a n t  
economies a r i s e  because  t he  s p a c e c r a f t  r e q u i r e s  l e s s  AV a t  
l u n a r  o r b i t  i n s e r t i o n  as bo th  t h e  t r a n s l u n a r  f l i g h t  energy  and 
t h e  p l a n e  change r equ i r emen t s  a t  LO1 a re  lower  w i t h o u t  t h e  f r ee  
r e t u r n  c o n s t r a i n t .  The second s a f e t y  f e a t u r e  o f  the  h y b r i d  m i s -  
s i o n  i s  the  c a p a b i l i t y  t o  use t h e  DPS enq ine  f o r  an  a b o r t  from 
t h e  non-free r e t u r n  t r a j e c t o r y  should t h e  SPS eng ine  f a i l  a t  
l u n a r  o r b i t  i n s e r t i o n .  

The h y b r i d  o p t i m i z a t i o n  program was w r i t t e n  t o  be  
used  i n  c o n j u n c t i o n  w i t h  t h e  Bellcomm Apollo S i m u l a t i o n  P r o -  
gram (ECMASP). Pa tched  c o n i c s  a re  used  t o  compute t h e  t r a j e c -  
t o r i e s  i n v o l v e d ,  w i t h  t h e  p a t c h i n g  o c c u r r i n g  a t  t h e  moon's 
s p h e r e  of i n f l u e n c e  (MSI). The h y b r i d  s i m u l a t i o n  program i s  
d e s c r i b e d  i n  d e t a i l  i n  Reference 1 w i t h  a p p r o p r i a t e  f low c h a r t s  
and program l i s t i n g s .  Here a t t e n t i o n  w i l l  b e  d i r e c t e d  t o  a 
g e n e r a l  d i s c u s s i o n  of t he  l o g i c  used  i n  t he  o p t i m i z a t i o n  and 
t h e  i n f l u e n c e  of  t h e  v a r i o u s  independent  v a r i a b l e s  on the  
h y b r i d  t r a  j e c  t ory  . 
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2 .  D e s c r i p t i o n  of  t h e  Hybrid T r a j e c t o r y  

The b a s i c  geometry of t he  h y b r i d  t r a j e c t o r y  i s  i l l u s -  
t r a t e d  i n  F i g u r e  1. The s p a c e c r a f t  i s  launched ,  p l a c e d  i n t o  
e a r t h  o r b i t  and i n j e c t e d  onto a f r ee  r e t u r n  c i r cumluna r  t ra-  
j e c t o r y  w i t h  a h i g h  p e r i s e l e n e  d i s t a n c e ,  R . A t  t i m e ,  

a . f t e r  t r a n s l u n a r  i n j e c t i o n  t h e  SPS eng ine  i s  used  t o  t r a n s f e r  
t h e  s p a c e c r a f t  o n t o  a non-free r e t u r n  t r a j e c t o r y  w i t h  an o p t i -  
mum p e r i s e l e n e ,  r . The v e l o c i t y  change a s s o c i a t e d  w i t h  t h e  

h y b r i d  maneuver i s  referred t o  as AVH. 

s p a c e c r a f t  i s  deboos ted  i n t o  l u n a r  o r b i t  and proceeds  t h e r e -  
a f t e r  as i n  a nominal  Apollo m i s s i o n .  Should the  SPS eng ine  
f a i l  a t  l u n a r  o r b i t  i n j e c t i o n ,  the  r e q u i r e d  a b o r t  maneuver 
i s  performed w i t h  t he  Lunar Module DPS. 

TH P 

P 
A t  p e r i s e l e n e  the  

The t r a n s e a r t h  l e g s  o f  the  f r e e  r e t u r n  t r a j e c t o r y  
and of  t he  p o s t  p e r i s e l e n e  a b o r t  maneuver a r e  r e s t r i c t e d  t o  
p o s i g r a d e  r e e n t r y  i n t o  e a r t h  atmosphere ( i n c l i n a t i o n  l e s s  
t h a n  90" r e l a t i v e  to the  e q u a t o r ) .  S p a c e c r a f t  movement a round 
t h e  moon i s  r e t r o g r a d e .  A l l  c o n s t r a i n t s  u n l e s s  o t h e r w i s e  
n o t e d  f o l l o w  t h o s e  f o r  t h e  nominal Apollo m i s s i o n .  

3 .  DPS Abort C a p a b i l i t y  

Before  p roceed ing  w i t h  t h e  d i s c u s s i o n  o f  t h e  h y b r i d  
s i m u l a t o r  some comments on t h e  DPS a b o r t  c a p a b i l i t y  a r e  i n  
o r d e r .  A s  an  added sa fegua rd  a g a i n s t  SPS f a i l u r e  a t  l u n a r  
o r b i t  i n s e r t i o n  a l l  h y b r i d  t r a j e c t o r i e s  c o n s t r u c t e d  i n  the  
s i m u l a t o r  are  f o r c e d  t o  meet a DPS a b o r t  c o n s t r a i n t  t h a t  w i l l  
a l l o w  t h e  DPS eng ine  t o  change t h e  s p a c e c r a f t ' s  t r a j e c t o r y  
a f t e r  p e r i s e l e n e  t o  e s t a b l i s h  safe  ea r th  r e e n t r y .  

c a p a c i t i e s ,  t h e  DPS eng ine  can p r o v i d e  approx ima te ly  a 2 , 0 0 0  
f t / s e c  AV f o r  a b o r t  purposes .  

Under t h e  p r e s e n t  Apollo we igh t s  and p r o p e l l a n t  

From a p r o p e l l a n t  consumption s t a n d p o i n t  t he  most 
oppor tune  t i m e  f o r  a b o r t i n g  would b e  a t  p e r i s e l e n e .  Rut t h i s  
would presume p r i o r  knowledge t h a t  t h e  SPS eng ine  was n o t  
g o i n g  t o  f u n c t i o n  a t  l u n a r  o r b i t  i n s e r t i o n .  S i n c e  i t  i s  more 
l i k e l y  that m a l f u n c t i o n  would b e  d e t e c t e d  d u r i n g  an a t t e m p t  
a t  L O I ,  t h e  DPS a b o r t  cannot be e x p e c t e d  t o  perform u n t i l  
sometime a f t e r  p e r i s e l e n e .  Two hours a f t e r  p e r i s e l e n e  was 
s e l e c t e d  as a r e a s o n a b l e  time l a p s e  and i s  u s e d  i n  the h y b r i d  
s i m u l a t o r  t o  de t e rmine  the  a b o r t  r e q u i r e m e n t s .  The d e t a i l s  
o f  t he  a b o r t  c a l c u l a t i o n s  are p r e s e n t e d  i n  Reference  2 .  
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4 .  O p t i m i z a t i o n  Phi losophy 

The o p t i m i z a t i o n  o b j e c t i v e  i s  to minimize t h e  t o t a l  
m i s s i o n  SPS p r o p e l l a n t  r equ i r emen t s .  
p e r i s e l e n e  f r e e  r e t u r n  t r a j e c t o r i e s  r e q u i r e  l e s s  AV a t  t rans-  
l u n a r  i n j e c t i o n  b u t  l aunch  v e h i c l e  ene rgy  r e q u i r e m e n t s  were 
n o t  c o n s i d e r e d  i n  t h e  o p t i m i z a t i o n .  

The low e n e r g y ,  h igh  

The o p t i m i z a t i o n  l o g i c  can b e  s e p a r a t e d  i n t o  two 
phases .  The i n n e r  phase de t e rmines  t h e  opt;-mum non-f ree  r e t u r n  
t r a j e c t o r y  t h a t  can b e  flown from the  p re -hybr id  maneuver 
s t a t e  p o i n t .  The o u t e r  phase s e l e c t s  t h e  optimum i n i t i a l  
f r ee  r e t u r n  h i g h  p e r i s e l e n e  t r a j e c t o r y .  
m a t i c  showing t h e  r e l a t i o n s h i p  o f  the  two p h a s e s .  An optimum 
non-f ree  r e t u r n  l e g  i s  developed f o r  each  f r e e  r e t u r n  t r a j e c -  
t o r y  c o n s i d e r e d  i n  t h e  o u t e r  o p t i m i z a t i o n  loop .  

F i g u r e  2 i s  a sche-  

The o u t e r  phase,  c i r cumluna r  f r ee  r e t u r n  t r a j e c t o r i e s ,  
under  t he  Apollo r e e n t r y  c o n s t r a i n t s ,  have two d e g r e e s  o f  
freedom: 

. I n c l i n a t i o n  of  t he  t r a n s e a r t h  t r a j e c t o r y  p l a n e  

. P e r i s e l e n e  d i s t a n c e  

S p e c i f i c a t i o n  o f  b o t h  of t h e s e  u n i q u e l y  s p e c i f i e s  a circum- 
l u n a r  f r e e  r e t u r n  t r a j e c t o r y  f o r  a g i v e n  launch  azimuth and 
i n j e c t i o n  t y p e .  Apollo s p e c i f i c a t i o n s  r e q u i r e  t h a t  ea r th  
r e e n t r y  must b e  p o s i g r a d e  s o  t h e  r e t u r n  i n c l i n a t i o n  must b e  
l ess  t h a n  90"  r e l a t i v e  t o  t h e  e a r t h ' s  e q u a t o r .  
d i s t a n c e  i s  bounded on t h e  low end by t h e  minimum s a f e  d i s -  
t a n c e  t h e  s p a c e c r a f t  can pass  o v e r  t h e  l u n a r  s u r f a c e .  

P e r i s e l e n e  

The i n n e r  phase  m u s t  de t e rmine  t h e  b e s t  non-f ree  
r e t u r n  t r a j e c t o r y  s t a r t i n g  from a s p e c i f i e d  p o s i t i o n  i n  s p a c e .  
Here, t h r e e  pa rame te r s  a r e  a v a i l a b l e  for o p t i m i z i n g  t h e  m i s s i o n .  

. t he  i n c l i n a t i o n  of  t h e  l u n a r  approach 
hype rbo la  

. t h e  t ime of  f l i g h t  from t h e  h y b r i d  
maneuver t o  LO1 

. t h e  o r i e n t a t i o n  of t h e  l u n a r  o r b i t  

The v a l u e s  o f  t h e s e  t h r e e  independent  v a r i a b l e s  must b e  chosen 
s u c h  t h a t  t h e  DPS a b o r t  AV r e q u i r e d  t o  r e t u r n  to ea r th  i s  l e s s  
t h a n  a s p e c i f i e d  maximum as w e l l  as f o r  minimum SPS p r o p e l l a n t  
consumption.  The c o a s t  t i m e  between TLI and the  h y b r i d  maneuver 
c o u l d  a l s o  b e  added as an independent  v a r i a b l e  b u t  i t  was found 
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t h a t  t h e  s e n s i t i v i t y  o f  p r o p e l l a n t  consumption t o  the  t i m e  o f  
h y b r i d  maneuver was n o t  h igh .  A c o a s t  t i m e  o f  5 hour s  was 
used  f o r  the  h y b r i d  s i m u l a t o r .  S h o r t e r  times may n o t  be  f e a s i b l e  
from a n  o p e r a t i o n a l  s t a n d p o i n t .  

Minimiza t ion  of the SPS p r o p e l l a n t  consumption d u r i n g  
the  m i s s i o n  i s  accomplished i n  the  o p t i m i z a t i o n  program by 
maximizing the  remain ing  s p a c e c r a f t  weight  a f t e r  t r a n s e a r t h  
i n j e c t i o n .  Th i s  weight i s  referred to as the  "Payoff" .  Payoff  
i s  de termined  by the  p r o p e l l a n t  r e q u i r e m e n t s  f o r  f o u r  v e l o c i t y  
changes performed by the CSM. I n  c h r o n o l o g i c a l  o r d e r  t h e y  a r e :  

AVH . H y b r i d  maneuver - 

AvLoI . Lunar o r b i t  i n s e r t i o n  - 

. CSM p l a n e  change maneuver p r i o r  t o  LM a s c e n t  - AVpc 

"TEI . T r a n s e a r t h  i n j e c t i o n  - 

The r e l a t i v e  i n f l u e n c e  o f  each AV i s  d i s c u s s e d  i n  r e l a t i o n  t o  
t he  f i v e  o p t i m i z a t i o n  parameters. 

5.  Design of  t h e  I n n e r  Phase  

For  convenience i n  the o p t i m i z a t i o n  program t h e  
second v a r i a b l e ,  t i m e  of f l i g h t ,  i s  r e p l a c e d  by  the  t r a n s l u n a r  
t r a j e c t o r y  ene rgy ,  EH. 
as i t  t r a v e l s  t he  e l l i p t i c a l  p a t h  from t h e  h y b r i d  maneuver t o  
t h e  MSI. The t h i r d  o p t i m i z a t i o n  parameter, t he  o r i e n t a t i o n  o f  
t h e  l u n a r  o r b i t ,  i s  expres sed  i n  terms of t h e  f l i g h t  az imuth ,  

T h i s  i s  t h e  energy  o f  t he  s p a c e c r a f t  

as t h e  s p a c e c r a f t  p a s s e s  ove r  t h e  l u n a r  l a n d i n g  s i t e .  

The DPS a b o r t  c o n s t r a i n t  i s  imposed on t h e  EH l o o p  
s o  a l l  p r o f i l e s  c o n s i d e r e d  i n  o u t e r  l o o p s  meet t h i s  c o n s t r a i n t .  
The h i e r a r c h y  o f  t h e  i t e r a t i o n  loops  f o r  b o t h  t h e  i n n e r  and 
o u t e r  phases  i s  p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g u r e  3.  The 
nomencla ture  i s  e x p l a i n e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

The o p t i m i z a t i o n  l o g i c  w i l l  be  d e s c r i b e d  from t h e  
i n n e r  most loop  outward.  (Refer t o  F igu re  3 ) .  It must b e  
remembered t h a t  o p t i m i z a t i o n  p a r a m e t e r s  i n  l oops  o u t s i d e  t h e  
one under  d i s c u s s i o n  are  c o n s t a n t  a t  e i t h e r  the  assumed v a l u e s  
a t  t h e  beg inn ing  of  t h e  program or v a l u e s  under  c o n s i d e r a t i o n  
by t h e  l o g i c  o f  t he  o u t e r  l o o p s .  



BELLCOMM, INC. - 5 -  

Approach Hyperbola  Op t imiza t ion  

O f  the three  independent  v a r i a b l e s  used  i n  o p t i m i -  
z i n g  t h e  non-f ree  r e t u r n  l e g ,  t he  i n c l i n a t i o n  of  t h e  t r a j e c t o r y  
from the  h y b r i d  maneuver t o  LO1 i s  op t imized  f i r s t .  W i t h i n  
t h e  moon's s p h e r e  o f  i n f l u e n c e  the t r a n s l u n a r  t r a j e c t o r y  i s  
h y p e r b o l i c  and f o r  a g i v e n  t r a j e c t o r y  energy  a f a m i l y  o f  hy- 
p e r b o l a s  e x i s t  t h a t  i n t e r s e c t  t h e  d e s i r e d  l u n a r  p a r k i n g  o r b i t  
and a l s o  have a p e r i s e l e n e  tha t  w i l l  n o t  cause  impact  w i t h  
the  l u n a r  s u r f a c e .  (The p e r i s e l e n e  i s  c o n s t r a i n e d  t o  b e  g r e a t e r  
t h a n  40 n a u t i c a l  mi les  from the s u r f a c e  and less  t h a n  o r  e q u a l  
t o  t h e  des i r ed  l u n a r  p a r k i n g  o r b i t  r a d i u s . )  The f a m i l y  i s  
s e a r c h e d  f o r  t he  h y p e r b o l a  y i e l d i n g  the  minimum "VLOI. 
o f  t h e  s e a r c h  t e c h n i q u e  can b e  found i n  Reference  3 .  

Details  

Energy O p t i m i z a t i o n  

F i g u r e  4 shows a t y p i c a l  p l o t  o f  the  maneuver A V  
r e q u i r e m e n t s  as a f u n c t i o n  o f  EH w i t h  t h e  o u t e r  three op t imi -  
z a t i o n  pa rame te r s  f r o z e n .  ( a l o  and R are parameters used i n  
t h e  o u t e r  phase  and a r e  d i s c u s s e d  i n  S e c t i o n  6 . )  Abort AV i s  
observed  t o  d e c r e a s e  w i t h  i n c r e a s i n g  ene rgy ,  r e a c h i n g  a mini-  
mum n e a r  an  energy  e q u i v a l e n t  t o  t h a t  of  t h e  f ree  r e t u r n  tra- 
j e c t o r y .  The range  of  energy c o n s i d e r e d  i n  d e v e l o p i n g  t h e  

o p t i m i z a t i o n  program was approximate ly  - 6 ~ 1 0 ~  f t  / s e c 2  t o  
- 1 1 ~ 1 0 ~  f t 2 / s e c 2 .  
t h a n  t h o s e  r e q u i r e d  f o r  nominal f r e e  r e t u r n  m i s s i o n s  ( i . e . ,  
60 n.m. p e r i s e l e n e  a l t i t u d e )  are n o t  p r o f i t a b l e  i n  terms o f  

A V ' s  t h a t  g e n e r a l l y  exceed Apollo c a p a b i l i t i e s .  

P 

2 

C o n s i d e r a t i o n  of  t r a n s l u n a r  e n e r g i e s  g r e a t e r  

p a y o f f .  E n e r g i e s  lower  than -11x10 6 2  f t  / s e c 2  r e q u i r e  a b o r t  

Examinat ion o f  t h e  v a r i a t i o n  i n  t h e  i n d i v i d u a l  A V ' s  
i s  u s e f u l  i n  e x p l a i n i n g  the  e f f e c t  on p a y o f f .  The AV a t  t r a n s -  
e a r t h  i n j e c t i o n  ( T E I )  shows l i t t l e  v a r i a t i o n  as can b e  s e e n  i n  
F i g u r e  4 .  The major  e f f e c t  of the  t r a n s l u n a r  energy  v a r i a -  
t i o n s  on TEI i s  t o  change the  t i m e  a t  which T E I  o c c u r s .  The 
s p a c e c r a f t  a lways  i n j e c t s  f rom approx ima te ly  t he  same l u n a r  
o r b i t  r e l a t i v e  t o  t h e  ea r th  s i n c e  c1 i s  a c o n s t a n t  ( i n  Fig- 
u r e  4 ) .  
r e q u i r e d  t o  a d j u s t  t r a n s e a r t h  f l i q h t  t i m e  s o  as t o  m a i n t a i n  
e a r t h  l a n d i n g  i n  the  same geogranhfc  area ( s i n c e  t r a n s l u n a r  
f l i g h t  t i m e  v a r i e s  w i t h  EH). 

2 3  
The only  s i g n i f i c a n t  change i n  t h e  AVTEI i s  t h a t  
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Two s m a l l  s t e p s  i n  t h e  TEI AV cu rve  ( F i g u r e  4 )  are 
e v i d e n t  a t  e n e r g i e s  n e a r  -6.6 and -9.8~10 6 2  f t  / s e c  2 . This  
i s  a r e s u l t  o f  a nominal  Apollo m i s s i o n  c o n s t r a i n t  on t h e  
maximum t r a n s e a r t h  f l i g h t  t i m e .  A s  ene rgy  i s  i n c r e a s e d  t h e  
t r a n s l u n a r  f l i g h t  t i m e  i s  dec reased  r e s u l t i n g  i n  an  e a r l i e r  
TEI  t i m e .  
c r a f t  can c o n t i n u e  t o  r e a c h  t h e  same ear th  l a n d i n g  area.. So 
as l u n a r  a r r i v a l  t i m e  d e c r e a s e s ,  t r a n s e a r t h  f l i g h t  t i m e  i n -  
c r e a s e s  u n t i l  t he  r e q u i r e d  transearth f l i g h t  t i m e  exceeds  t h e  
c o n s t r a i n t .  I n  o r d e r  t o  meet t h i s  c o n s t r a i n t  t h e  t r a n s e a r t h  
f l i g h t  time i s  reduced  by about  24  hour s  and t h e  l a n d i n g  s i t e  
i s  r eached  on t h e  p r e v i o u s  e a r t h  r e v o l u t i o n .  This reduced  
f l i g h t  time r e q u i r e s  h ighe r  AV a t  TEI  and i s  s e e n  as the  
s t e p  i n  t h e  c u r v e s .  

By u s i n g  a l o n g e r  t r a n s e a r t h  f l i g h t  t i m e  t h e  space -  
I 

The l u n a r  o r b i t  i n s e r t i o n  ( L O I )  AV g e n e r a l l y  i n -  
c r e a s e s  w i t h  t r a n s l u n a r  t r a j e c t o r y  ene rgy .  S i n c e  t h e  l u n a r  
o r b i t  i s  f i x e d ,  h ighe r  t r a n s l u n a r  ene rgy  means more AV i s  
r e q u i r e d  a t  i n s e r t i o n .  To gua ran tee  an  i n p l a n e  a s c e n t  of 
t he  l u n a r  module the  CSM makes a p l a n e  change p r i o r  t o  ren-  
dezvous.  This CSM p l a n e  change AV i s  c o n s t a n t  t h rough  t h e  
ene rgy  r ange  s i n c e  t h e  r e l a t i o n s h i p  o f  t h e  l u n a r  o r b i t  t o  
t h e  l a n d i n g  s i t e  i s  unchanged. 

The h y b r i d  maneuver r e q u i r e m e n t ,  AVH, minimizes  
when t h e  non-f ree  r e t u r n  t r a j e c t o r y  e n e r g y ,  EH, i s  n e a r l y  
e q u a l  t h a t  o f  t h e  high p e r i s e l e n e  f r ee  r e t u r n  t r a j e c t o r y ,  
EF. 
t o  make the change from a f ree  t o  a non- f r ee  r e t u r n  t r a j e c t o r y .  

A s  t he  EH d e v i a t e s  from EF, a greater AVH i s  r e q u i r e d  

Thus w i t h  AVTEI and AV n e a r l y  i n v a r i a n t ,  payof f  
PC 

and VH are i n c r e a s i n g ,  s o  payof f  w i l l  d e c r e a s e :  there-  
i s  d r i v e n  by AVLoI and AVH. 

f o r e  e n e r g i e s  greater  t h a n  EF g e n e r a l l y  need n o t  be c o n s i d e r e d .  

A t  e n e r g i e s  g rea te r  t h a n  EF b o t h  

AVLOI 

The lower  bound of EH i s  f i x e d  by t he  minimum ene rgy  
needed t o  r e a c h  the  l u n a r  sphere o f  i n f l u e n c e .  A p p l i c a t i o n  o f  
t he  DPS a b o r t  c o n s t r a i n t  g e n e r a l l y  w i l l  i n c r e a s e  the  lower  
bound on EH and r educe  t h e  range of EH a v a i l a b l e  for opt imi-  
z a t i o n .  
i n c l i n a t i o n  o f  t h e  p re -abor t  t r a j e c t o r y  and t h e  moon's rad ia l  
d i s t a n c e  from the  ear th .  

Besides EH, DPS a b o r t  AV i s  dependent  on t h e  
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A s  shown i n  F igu re  4 ,  DPS a b o r t  AV g e n e r a l l y  v a r i e s  
I f  the  maximum DPS a b o r t  i s  n e a r  i n v e r s e l y  w i t h  EH up t o  EF. 

2 , 0 0 0  f t / s e c ,  which i s  t h e  p r e s e n t  Apollo c a p a b i l i t y ,  t he  mini -  
mum bound on EH i s  s e t  by  the  a b o r t  AV r e q u i r e m e n t .  
DPS a b o r t  c a p a b i l i t i e s  would i n c r e a s e  t h e  r a n g e  of  EH a v a i l a b l e  
f o r  o p t i m i z a t i o n .  

Greater 

The problem i s  t o  f i n d  t h e  energy  EH w i t h  t h e  g r e a t e s t  
payof f  i n  t he  r ange  bounded on t h e  low end b y  t he  EH a s s o c i a t e d  
w i t h  t h e  maximum DPS a b o r t  and on t h e  h i g h  end by  t h e  EH t h a t  
i s  roughly  e q u a l  t o  t h e  EF,  t h e  energy  o f  t h e  f r e e  r e t u r n  t ra -  
j e c t o r y .  
a s s o c i a t e d  w i t h  t h e  DPS a b o r t  AV c a p a b i l i t y  v i a  an  i t e r a t i o n  
p r o c e s s  assuming a second o r d e r  r e l a t i o n s h i p  e x i s t s  between 
t h e  two. 
s i z e  u n t i l  payof f  shows a d e c r e a s e .  A p a r a b o l i c  f i t  i s  t h e n  
made on payof f  v e r s u s  energy t o  f i n d  t h e  optimum. 

The o p t i m i z a t i o n  program f i r s t  d e t e r m i n e s  t h e  EH 

Then EH i s  i n c r e a s e d  l i n e a r l y  w i t h  a f i x e d  s t e p  

Two s p e c i a l  c a s e s  r e q u i r e  comment. O c c a s i o n a l l y  
EF ( i . e .  f o r  l a rge  v a l u e s  of  R 1 i s  l e s s  t h a n  t h e  EH a s s o c i -  

P 
a ted w i t h  the  DPS a b o r t  c a p a b i l i t y .  S ince  b o t h  LO1 and t h e  
H y b r i d  AV i n c r e a s e s  ( and  t h u s  payof f  d e c r e a s e s )  when ene rgy  
i n c r e a s e s  beyond EF and the a b o r t  AV i n c r e a s e s  when ene rgy  i s  
r educed ,  t h e  maximum payof f  o c c u r s  a t  t h e  energy  where DPS 
a b o r t  AV e q u a l s  t h e  maximum a l l o w a b l e .  T h i s  s i t u a t i o n  e x i s t s  
f o r  t h e  c o n d i t i o n s  p r e s e n t e d  i n  F i g u r e  5.  The v a l u e  o f  EF i s  
n e a r  t h e  energy  where the  h y b r i d  AV i s  a t  a minimum. For  

7 2  2 F i g u r e  5 EF i s  less  t h a n  -10  The a b o r t  AV exceeds  
t he  maximum o f  2000 f p s  f o r  e n e r g i e s  l e s s  t h a n  -9.0~10~ f t  / s e c  . 
The maximum payof f  t r a j e c t o r y  i s  the  one a s s o c i a t e d  w i t h  t h e  
maximum a b o r t  AV. 

f t  / s e c  . 
2 2 

Secondly ,  c a s e s  arise where the  a b o r t  AV r equ i r emen t  
n e v e r  i s  l e s s  t h a n  t h e  c a p a b i l i t y .  Here t h e  program u s e s  t h e  
ene rgy  a s s o c i a t e d  w i t h  t h e  minimum a b o r t  AV and c o n t i n u e s  t h e  
o p t i m i z a t i o n  p rocedure .  These s i t u a t i o n s  normal ly  a r i s e  f o r  
l u n a r  l a n d i n g  s i t e s  t h a t  a r e  f a r  o f f  t h e  moon’s e q u a t o r .  

O p t i m i z a t i o n  “ 2 1  

The bes t  a ( o r  l u n a r  p a r k i n g  o r b i t )  i s  s e l e c t e d  23 
f rom approx ima te ly  f i f t e e n  a ‘ s  determined  by c o n s i d e r a t i o n  23 
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o f  t he  l a n d i n g  s i t e  l a t i t u d e  and the l u n a r  s t ay  t imes .  The 
maximum and minimum v a l u e s  o f  a are de te rmined  w i t h i n  t he  
s p e c i f i e d  c o n s t r a i n t s  and then the  r ange  i s  broken  i n t o  e q u a l  
i n t e r v a l s .  An optimum miss ion  i s  r u n  f o r  each  c1 

b r i d  program r u n s  a rough cu t  f i rs t  u s i n g  a n  i n t e r v a l  s i z e  
of  t h ree  degrees t o  de te rmine  an  optimum r e g i o n ;  i t  t h e n  
f o l l o w s  w i t h  a second s e a r c h  w i t h  a s t e p  s i z e  o f  0 . 5  d e g r e e s  
w i t h i n  t h e  optimum r e g i o n .  

2 3  

The hy- 23 '  

A t y p i c a l  r e l a t i o n s h i p  between t h e  SPS AV's and 
can be  s e e n  i n  F i g u r e  6 .  H y b r i d ,  L O I ,  T E I ,  P l ane  Change "2 3 

and a b o r t  AV's are  p l o t t e d  ve r sus  ~1 f o r  f o u r  v a l u e s  o f  f ree  
r e t u r n  p e r i s e l e n e  d i s t a n c e s .  It must b e  k e p t  i n  mind that  
data  f o r  each  ~1 has been determined a t  the optimum t r a n s -  
l u n a r  ene rgy .  For  t h i s  p a r t i c u l a r  example e a c h  t r a j e c t o r y  
( a  t r a j e c t o r y  i s  a s s o c i a t e d  w i t h  e a c h  p a i r  o f  a and R 
v a l u e s )  has a n  optimum energy a t  the  maximum a b o r t  AV capa- 
b i l i t y ,  2000 f p s .  

23 

2 3  

23 P 

A l l  t h e  A V  curves  va ry  smoothly e x c e p t  f o r  T E I  which 
has a jump i n  t he  r e g i o n  of  a n e a r  -100 degrees.  T h i s  i s  23 
caused  b y  t h e  maximum t r a n s e a r t h  f l i g h t  t i m e  c o n s t r a i n t  as 
d i s c u s s e d  e a r l i e r .  The e f f e c t  of R v a r i a t i o n s  a re  d i s c u s s e d  
i n  l a t e r  s e c t i o n s .  P 

6 .  Design o f  t h e  Ou te r  Phase 

A s  was mentioned e a r l i e r ,  two independen t  v a r i a b l e s  
are  a v a i l a b l e  f o r  o p t i m i z i n g  the  f r ee  r e t u r n  l e g :  t he  p e r i -  
s e l e n e  d i s t a n c e  and t h e  i n c l i n a t i o n  o f  t r a n s e a r t h  t r a j e c t o r y  
p l a n e .  For  convenience t he  i n c l i n a t i o n  i s  e x p r e s s e d  i n  terms 
o f  t h e  az imuth ,  ala, o f  t he  t r a n s e a r t h  t r a j e c t o r y  ( v e l o c i t y  
v e c t o r )  a t  t h e  e x i t  from t h e  MSI measured p o s i t i v e  c lockwise  
from an ea r th  m e r i d i a n .  The l i m i t s  on az imuth  f o r  p o s i g r a d e  
r e e n t r y  are 0 t o  180 degrees .  The o p t i m i z a t i o n  loops  f o r  
t h e  two pa rame te r s  are grouped as shown i n  F i g u r e  3 w i t h  R 
op t imized  f i rs t .  The o r d e r  i s  impor t an t  because  o f  t h e  p a r a b o l i c  
f i t  t e c h n i q u e  as w i l l  b e  d i s c u s s e d  l a t e r .  

- 

P 

R O p t i m i z a t i o n  
P 

The p e r i s e l e n e  d i s t a n c e  on the  f r ee  r e t u r n  t r a j e c t o r y  
can  va ry  o v e r  a wide r ange .  The lower bound i s  de te rmined  by 
a n  o p e r a t i o n a l  c o n s t r a i n t ,  t h e  minimum safe d i s t a n c e  t h a t  t h e  
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c 

s p a c e c r a f t  would be  a l lowed t o  pass b y  the  moon, approx ima te ly  
40 n.m. above the  s u r f a c e .  
o p e r a t i o n a l  c o n s t r a i n t  b u t  i s  p r a c t i c a l l y  l i m i t e d  by the  a b o r t  
c o n s t r a i n t .  

The uppe r  bound i s  n o t  s e t  by an  

Without an a b o r t  c o n s t r a i n t ,  payof f  and a l s o  t r a n s -  
l u n a r  f l i g h t  t i m e  would i n c r e a s e  w i t h  R . A s  ment ioned b e f o r e  
t he re  i s  a minimum t r a n s l u n a r  ene rgy  a s s o c i a t e d  w i t h  t h e  maxi- 
mum DPS a b o r t  AV. This minimum h y b r i d  energy  i s  n o t  i n f l u e n c e d  
s t r o n g l y  by  v a r i a t i o n  i n  R as  can  be  s e e n  i n  F i g u r e  7 .  Thus 
t h e  lower bound on h y b r i d  energy remains  n e a r l y  c o n s t a n t .  On 
t h e  o t h e r  hand, t h e  uppe r  bound d e f i n e d  b y  the f ree  r e t u r n  
ene rgy ,  which occur s  n e a r  t h e  minimum h y b r i d  AV p o i n t ,  i s  
d e c r e a s i n g  as R i s  i n c r e a s e d .  
ene rgy  i s  less  t h a n  t h e  maximum a b o r t  l i m i t ,  (as r e p r e s e n t e d  
by F i g u r e  5 )  t h e n  i t  becomes less  t h a n  t h e  minimum a l lowed 
under  t he  a b o r t  c o n s t r a i n t ,  and the  h y b r i d  maneuver must i n -  
c r e a s e  t he  v e l o c i t y  s u f f i c i e n t l y  t o  b r i n g  t h e  ene rgy  up t o  
t he  a c c e p t a b l e  l e v e l  f o r  the  a b o r t .  
c o n c u r r e n t l y ,  payof f  i s  reduced .  

P 

P 

When the uppe r  bound on h y b r i d  
P 

The dVH i s  i n c r e a s e d  and,  

The o p t i m i z a t i o n  program f i n d s  h y b r i d  t r a j e c t o r i e s  
c o r r e s p o n d i n g  t o  t h ree  va lues  o f  R 
them i n  s e a r c h  o f  t h e  b e s t  payof f .  

and f i t s  a p a r a b o l a  th rough  
P 

Opt imiza t ion  

The o u t e r  l oop  o f  t h e  s i m u l a t o r  d e t e r m i n e s  the  b e s t  
Here a g a i n  t h e  para- i n c l i n a t i o n  t o  f l y  t h e  f r ee  r e t u r n  l e g .  

b o l a  f i t  t e c h n i q u e  i s  employed. A p a r a b o l a  f i t  i s  made t o  
t h ree  p r e s e l e c t e d  v a l u e s  o f  alo t o  de t e rmine  t h e  optimum. 

P 
where t h e  DPS a b o r t  i n f l u e n c e  i s  s t r o n g ,  payof f  v e r s u s  
f o r  c o n s t a n t  R 

The 
loop  i s  completed l a s t  because a t  l a r g e r  v a l u e s  of  R "10 

shows two m a x i m a  whi le  payof f  p l o t t e d  v e r s u s  
P 

f o r  t h e  bes t  R g e n e r a l l y  remains  unimodal ( F i g u r e  1 2 ) .  
"10 P 
T h i s  i s  a r e s u l t  of t h e  payoff  f o r  a range  o f  al0 b e i n g  depressed 

as a r e s u l t  o f  f u l f i l l i n g  t h e  DPS a b o r t  r e q u i r e m e n t s .  
t h e  DPS a b o r t  c o n s t r a i n t  makes t h e  al0 curve  unimodal a l s o .  

Removing 

F i g u r e  8 th rough  1 2  shows the  i n f l u e n c e  o f  the two 
o u t e r  l oop  parameters on hVABORT, EHJ "H> AVL019 and P a y o f f .  
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The a b o r t  c o n s t r a i n t  e f f e c t  a t  h i g h e r  v a l u e s  o f  R i s  s e e n  
i n  F i g u r e  8 where t h e  p l a t e a u  r e p r e s e n t s  t h e  r e g i o n  o f  maxi- 
mum a b o r t  AV. The a b o r t  c o n s t r a i n t s  e f f e c t  on the  o t h e r  
dependent  p a r a m e t e r  i s  q u i t e  n o t i c e a b l e .  F i g u r e  9 shows how 
EH a l s o  f l a t t e n s  i n  the same r e g i o n  of  R 

AV. The AVH r e q u i r e m e n t s  i n c r e a s e  s i g n i f i c a n t l y  ( F i g u r e  10) 
i n  t h e  same r e g i o n ,  as t h e  d i f f e r e n c e  i n  EF and EH i n c r e a s e s  
f o r  h i g h e r  R . 

P 

and al0 as t h e  a b o r t  
P 

P 

F i g u r e  11 p r e s e n t s  AVLoI and shows t h e  s t a b i l i z a t i o n  
w i t h  EH i n  t h e  a b o r t  c o n s t r a i n e d  r e g i o n .  

t u r n  i s  d e p r e s s e d  f o r  t h i s  r e g i o n  due t o  t h e  i n c r e a s e d  AVH 
r e q u i r e m e n t s  ( F i g u r e  1 2 ) .  

7. Examples 

Tab le  A presents a m i s s i o n  p r o f i l e  comparison f o r  
f o u r  t r a j e c t o r i e s  t o  L i t t r o w ,  i n  J u l y  1 9 7 0 .  L i t t r o w  is a 
proposed  l u n a r  e x p l o r a t i o n  s i t e  l o c a t e d  a t  22O12'N, 2go20'E, 
o u t  o f  t h e  Apo l lo  r e g i o n .  The th ree  p r o f i l e s  compared a re :  

Payof f  i n  
Of AVLoI 

. t he  nominal  Apollo f ree  r e t u r n  m i s s i o n  

. a r e s t r i c t e d  non-f ree  r e t u r n  p r o f i l e  con- 
s t r a i n e d  t o  meet a 2 , 0 0 0  f t / s e c  a b o r t  AV 
r e q u i r e m e n t  

. a h y b r i d  mis s ion  p r o f i l e  

All m i s s i o n s  were f lown w i t h  the c u r r e n t  A p o l l o  we igh t  model,  
P a c i f i c  i n j e c t i o n ,  and a launch  az imuth  o f  90  d e g r e e s .  For 
t h e  assumed we igh t  model,  a n  i n j e c t e d  weight  o f  100,862 r e p -  
r e s e n t s  f u l l  SPS p r o p e l l a n t  tanks. 

I n j e c t e d  we igh t  r e q u i r e m e n t s  for t h e  h y b r i d  are 
s e e n  t o  be  o v e r  9000 l b s  l e s s  t h a n  t h e  f r e e  r e t u r n  m i s s i o n ,  
a p p r o a c h i n g  t h a t  of  t h e  non-f ree  r e t u r n  p r o f i l e .  Only a small 
s a c r i f i c e  i n  i n j e c t e d  we igh t  i s  r e q u i r e d  t o  g a i n  t h e  s a f e t y  
a d v a n t a g e  o f  t h e  h y b r i d  ove r  the non-f ree  r e t u r n .  The s a c r i -  
f i c e  i s  made up a lmos t  e x c l u s i v e l y  from the  a d d i t i o n a l  34 f t / s e c  
AV u s e d  a t  t h e  h y b r i d  maneuver. T h e  o t h e r  AV's, L O 1  and  T E I ,  
are near ly  e q u a l  t o  t h e  non-free r e t u r n  p r o f i l e .  The CSM p l a n e  
change i s  s l i g h t l y  improved with t h e  h y b r i d .  The t r a n s l u n a r  
f l i g h t  t i m e s  are q u i t e  c l o s e  and exceed  the f r e e  r e t u r n  f l i g h t  
t i m e  by a round twenty  h o u r s .  I n  o t h e r  r e s p e c t s  the  h y b r i d  
and non- f r ee  r e t u r n  m i s s i o n s  a r e  s imi la r .  
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A second example demons t r a t e s  tha t  d a y l i g h t  l a u n c h e s  
th roughou t  1969 can be  achieved  by u s i n g  h y b r i d  t r a j e c t o r i e s  
i n  t he  l a t t e r  pa r t  o f  1969. The a t t a c h e d  c h a r t ,  Table  B ,  
shows the  i n j e c t e d  weight  r e q u i r e m e n t s ,  l a u n c h  t i m e  and t r a n s -  
l u n a r  f l i g h t  t i m e  f o r  f r ee  r e t u r n  ( P a c i f i c  and A t l a n t i c  i n j e c -  
t i o n )  and h y b r i d  ( P a c i f i c  i n j e c t i o n ) .  The i n j e c t e d  we igh t  
data i s  based on the December, 1968 s p a c e c r a f t  i n e r t  w e i g h t s  
f o r  Apol lo  11. Two l u n a r  s i t e s  i n  t h e  west were c o n s i d e r e d  
d u r i n g  the l a s t  f i v e  months f o r  1969. The w e s t e r n  s i t e s  were 
s e l e c t e d  f o r  t h i s  a n a l y s i s  s i n c e  h y b r i d  l u n a r  a c c e s s i b i l i t y  
i s  most r e s t r i c t e d  i n  the  wes t .  

The h y b r i d  t r a j e c t o r i e s  a l l o w  a d a y l i g h t  l a u n c h  
( P a c i f i c  i n j e c t i o n  and t h e  b e s t  o f  t h e  two s i t e s )  w i t h  i n -  
j e c t e d  weight v a r y i n g  o v e r  range of  p l u s  1463 l b s  t o  minus 
1468 l b s  compared w i t h  t h e  nominal  f r ee  r e t u r n  w i t h  n i g h t  
l aunches  ( A t l a n t i c  i n j e c t i o n )  f o r  a l l  f i v e  months shown. The 
h i g h e s t  i n j e c t e d  weight  r e s u l t i n g  was 99,408 l b s .  

Using h y b r i d  t o  o b t a i n  d a y l i g h t  l a u n c h  and t h e  s o u t h e r n  
(Wl) s i t e  f o r  t he  e n t i r e  p e r i o d  would r e s u l t  i n  i n j e c t i o n  weight 
changes from t3260 t o  -250 pounds. The h i g h e s t  i n j e c t e d  weight 
r e s u l t  was 1 0 0 , 6 8 9  l b s .  The t r a n s l u n a r  f l i g h t  t i m e  was i n c r e a s e d  
from 1 2  t o  20 hour s  w i t h  t h e  h y b r i d .  

The h y b r i d  t r a j e c t o r i e s  were de te rmined  w i t h  t he  
midcourse  maneuver, t r a n s f e r r i n g  t h e  s p a c e c r a f t  from t h e  h igh -  
p e r i s e l e n e  f r e e  r e t u r n  t r a j e c t o r y  t o  t h e  nominal  p e r i s e l e n e  
non- f r ee  r e t u r n  t r a j e c t o r y ,  a t  f i v e  hour s  a f t e r  T L I .  A l l  t he  
h y b r i d  t r a j e c t o r i e s  u sed  meet a DPS a b o r t  AV c o n s t r a i n t  o f  
2000 f t / s e c  t a r g e t e d  from a p o i n t  two hour s  a f t e r  p e r i s e l e n e .  

8 .  Conclus ions  

A number o f  g e n e r a l  o b s e r v a t i o n s  conce rn ing  t h e  
o p t i m i z e d  h y b r i d  m i s s i o n  based on p r e l i m i n a r y  r e s u l t s  from 
t h e  h y b r i d  s i m u l a t o r  are l i s t e d  below. 

. t h e  optimum f r e e  r e t u r n  p e r i s e l e n e  w i l l  va ry  
from 500 t o  5000 n.m. f o r  most m i s s i o n s  

. t he  t i m e  o f  t r a n s l u n a r  f l i g h t  f o r  a n  optimum 
h y b r i d  mis s ion  w i l l  exceed the f r ee  r e t u r n  
f l i g h t  t i m e  b y  up t o  twenty  hour s  
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. t h e  h y b r i d  AV requi rement  (AVH) a t  5 hours  
past  TLI normal ly  i s  i n  t h e  v i c i n i t y  o f  30 
t o  50 fps  f o r  an op t imized  m i s s i o n  

h y b r i d  payloads  are n e a r l y  as h i g h  as r e s t r i c t e d  
non-f ree  r e t u r n  pay loads  w i t h  t h e  d i f f e r e n c e  
g e n e r a l l y  a t t r i b u t a b l e  t o  t he  AVH. 

. 

2013-RAB-srb 
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FIGURE I - HYBRID TRAJECTORY DESCRIPTION 
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FIGURE 2 - TWO PHASE HYBRID LOGIC 
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FIGURE 8 - ABORT AV AS INFLUENCED BY THE OUTER PHASE PARAMETERS 
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FIGURE 9 - E, AS INFLUENCED BY THE OUTER PHASE PARAMETERS 
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FIGURE 1 1  - AV,,, AS INFLUENCED BY THE OUTER PHASE PARAMETERS 
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FIGURE 12 - PAYOFF AS INFLUENCED BY THE OUTER PHASE PARAMETERS 
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